ABSTRACT The nucleotide sequences of eight origin-defective mutants of simian virus 40 have been determined. All of the mutants have suffered deletions, which range in size from 4 to 241 nucleotides. Some of the mutants induce the synthesis of tumor (1) antigen, others do not. Viral mRNA extracted from rat cells transformed by two of the T-antigen-positive mutants has been analyzed by the SI nuclease technique of Berk and Sharp. Irrespective of the size or the location of the deletions, the 5' ends of viral mRNAs are located approximately the same distance from the A+T-rich region (A-T-T-T-A-T) rather than at a specific site in the viral genome. The genomic organization and developmental cycle of simian virus 40 (SV40) are well understood (for review see ref. 1), and the complete nucleotide sequence of the viral DNA has been determined (2, 3). The region of the SV40 chromosome encompassing the Bgl I restriction endonuclease site is of particular interest because various control elements-the origin of viral DNA replication, the 5' ends of the early mRNAs, and the tumor (T) antigen binding sites-are localized there (Fig. 1) . In an attempt to locate these control elements more precisely and to analyze possible interactions between them, we have isolated a series of deletion mutants in this region. The method of isolation of these mutants and their biological properties have been described (10) . Here we present their nucleotide sequences and describe the structure of viral mRNAs isolated from cells transformed by the mutants.
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MATERIALS AND METHODS
Cells and DNAs. Transformed cells and the preparation of Bgl I-resistant SV40 DNA plasmids have been described (10) . DNA (11) . S1 Nuclease Analysis of the Early mRNAs. Total cytoplasmic RNA from transformed cells was prepared as described (12) , and poly(A)-containing mRNAs were selected on an oligo (dT)-cellulose column (13) . Unit-length wild-type or mutant 1-11 viral DNA was prepared by digesting the appropriate plasmid with BamHI. The conditions for RNA-DNA hybridization and S1 treatment were described by Berk and Sharp (12) .
RESULTS
Properties of Origin-Defective Mutants of SV40. A brief description of eight origin-defective mutants is presented in Table 1 (for further details see ref. 10) .
DNA Sequence Determination of Origin-Defective Mutants. Restriction enzyme digestion of all mutant DNAs revealed patterns identical to those of wild-type viral DNA with the exception of those fragments encompassing the Bgl I site (10) . Mutant DNAs with small deletions (Table 1) were digested with HindIII, and fragment C was isolated, labeled at its 5' ends with 32p, and then redigested with Hha I. Mutant DNAs with large deletions were digested with endonuclease Hinf, and fragment A was isolated, labeled, and recut with Hpa I or Kpn I. The appropriate fragments were subjected to sequence analysis by the procedure of Maxam and Gilbert (11) . Autoradiograms of representative gels of four different mutants and the nucleotide sequences of these mutant DNAs are shown in Fig. 2 Top.
The mutants could be divided into three groups, according to the size of the deletions. The first group consists of the mutants 8-4, 8-16 (which is identical to 8-4), 6-1, and 6-17, which have suffered deletions of 4, 6, or 9 nucleotides, respectively. Two identical mutants, 1-11 and 3-20, form the second group and have a larger deletion (58 base pairs). Both the first and second groups of mutants induce T antigen. The third group consists of two identical mutants, 8-11 and 8-12 , which have suffered the largest deletion (241 base pairs) and no longer induce detectable T antigen. The structures of all the mutants are presented in Fig. 2 Bottom.
The small deletions are all localized at the Bgl I site and presumably were produced by nuclease activity of either S1 or DNA polymerase I upon the cohesive ends left by digestion with Bgl I. The boundaries of the large deletions generally are positioned far from this restriction site, although 1-11 and 3-20 have one boundary close to this site. A possible mechanism for formation of the large deletions is homologous recombination, and it may therefore be significant that wild-type SV40 DNA contains a direct repeat of 8 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 isolated from cells transformed by mutant (1-11, 6-1) or wildtype plasmids, the mRNAs from the three transformed cell lines were purified and analyzed by the Si technique (12) . These mRNAs were hybridized with wild-type or 1-11 DNA, and the resulting hybrids were treated with SI nuclease, subjected to electrophoresis on neutral (not shown) or alkaline gels, transferred to nitrocellulose filters (14) and hybridized to 32P-labeled SV40 DNA. An autoradiogram of one such alkaline gel is shown in Fig. 3A . The 1900-nucleotide fragments representing the 3' end of the early transcripts are indistinguishable in size regardless of the source of mRNA or DNA used in the hybridization. However, the sizes of the fragments arising from the 5' ends of the early messages varied according to the DNA and RNA used ( Table 2 ). The lengths of the two small SI-resistant fragments resulting from the hybridization of wild-type RNA and wild-type DNA were in good agreement with the findings of Berk and Sharp (12) and Reddy et al. (8) . Similar sized fragments were obtained when wild-type DNA was hybridized to 6-1 RNA. However, significant decreases (50-70 bp) in the size of the fragments were observed after S1 treatment of 1-11 RNA-wild-type DNA hybrids; the magnitude of these reductions correlates well with the size of the deletion in 1-11 DNA. When 1-11 RNA was hybridized with 1-11 DNA, protected fragments were indistinguishable in length from those found when [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] RNA was hybridized to wild-type DNA. These fragments were 10 nucleotides shorter than the corresponding fragments produced after hybridization of 1-11 DNA to either 6-1 or wild-type RNA. Because both wild-type and 6-1 RNAs cross the deletion junction of 1-11 DNA, the two pieces of protected DNA must represent the stretch of nucleotides between the downstream boundary of the deletion and the large and small T antigen splice points. Therefore the 5' ends of 1-11 early mRNA were placed about 10 nucleotides downstream from the 1-11 deletion junction (see Fig. 3C ). Finally, greater amounts of viral mRNA were observed in cells transformed by the mutants than in cells transformed by the wild-type DNA. To quantitate relative amounts of viral RNA, densitometer tracings of the 1900-bp fragments (Fig. 3B,  top) were made. The S1 experiment was carried out with excess DNA. In cells transformed by 6-1, a mutant that has lost only the second T-antigen-binding site, there is a 4-fold greater amount of viral mRNA compared to the wild-type counterpart, Analysis of the S1 digestion products on a neutral gel (data not shown) revealed that large T antigen message was more abundant than small tumor antigen (t) message, as previously reported (12) . Stronger hybridization of the probe to the 620-bp fragment (originating from small t mRNA) compared to the 320-bp fragment (large T mRNA) on the alkaline gel (Fig. 3 (Fig. 2) abolishes the origin of DNA replication (10) .
We have compared the structures of the viral mRNAs synthesized in cells transformed by either wild-type or mutant DNAs and have found that small fragments of 1-11 DNA protected by 1-11 mRNAs are about 10 nucleotides shorter than the corresponding fragments of 1-11 DNAs protected by wild-type or 6-1 mRNAs (Fig. 3, Table 2 ). It is likely that the splice points remain unchanged in the mutant mRNAs, because the T antigens induced by the mutants in transformed cells are indistinguishable in size from wild-type T antigen and are biologically functional (10) . We are therefore able to place the 5' end of 1-11 mRNAs about 10 nucleotides downstream from the deletion junction (Fig. 3C) have been reached for prokaryotic promoters (19, 20) , for which it has been shown that nucleotide changes immediately downstream of the promoter do not affect transcription (21) . Recently the structure of the promoter for eukaryotic RNA polymerase III has been described. Although it is localized downstream from the 5' end of the 5S RNA, transcription always starts the same distance (55 bp) from the promoter (22) .
One of the mutants, [8] [9] [10] [11] [12] , is missing a 241-nucleotide segment of DNA that includes the A+T-rich region, the origin of DNA replication, the second and third-T-antigen-binding sites, and a stretch of 13 nucleotides (5234-5222) that are the first 13 nucleotides of the wild-type early mRNA (Figs. 1 and 2 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] DNA and digested with S1 (12) . DNA fragments resistant to the nuclease were separated by alkaline gel electrophoresis, transferred to nitrocellulose filters, hybridized to 32P-labeled SV40 DNA, and autoradiographed for different lengths of time (intensifier screens used). (A) Entire gel exposed for 1 day; (B) top half of gel (above arrow) exposed 3 hr, bottom half (below arrow) for 4 days. (C) Diagrammatic representation of the structure of wild-type and mutant mRNAs. The solid lines represent the structures of the wild-type and mutant DNAs around the Bgl I site and the rectangles depict the A+T-rich sequence ( Figs. 1 and 2 (23) (24) (25) (26) . In cells transformed by temperature-sensitive A mutants of SV40, only a 2 to 3fold increase was observed (27, 28) . However, other factors, such as changes in the stability of mutant messages, may be responsible for the increased amount of viral RNA in the cells transformed by origin-defective mutants.
Even though mRNA is significantly overproduced in mutant transformants, we have not observed a proportional increase in T.antigen production (10) . One possible explanation for this finding is that the mutant RNAs are translated less efficiently
